The inhibitory effect of binary toxic (Bin) protein produced by Lysinibacillus sphaericus IAB872 on cell proliferation of human lung, liver, stomach and cervical tumor cell lines was assessed using MTT assay. The effect of Bin protein on A549 cell proliferation, apoptosis, cell cycle, migration and invasion were examined by MTT assay, Western blotting, Immunocytochemical staining, flow cytometry assay and wound-healing assay. Results showed that Bin protein inhibits proliferation of a range of human cancer cells in vitro. The anti-proliferative effect of Bin is associated with cell apoptosis as a result of an increased ratio of cellular Bax/bcl-2, up-regulated CyclinB1and down-regulated Cdc25c expression, and its anti-proliferative action was associated with cell cycle arrest in the G2/M-phase. Bin protein could promote apoptosis and inhibit motility and invasion of A549 cancer cells. The anti-proliferative effect of Bin protein was associated with the induction of apoptotic cell death and cell cycle disruption. These results show that Bin protein has the potential to be developed as a chemotherapeutic agent by induction of human tumor cell apoptosis.
Bacteria from the genus Bacillus are the entomopathogenic microorganisms most commonly used as biocontrol agents. Among them, Lysinibacillus sphaericus (Bacillus sphaericus) and B. thuringiensis are utilized in mosquito larvae control programs to reduce the populations of vector species that transmit tropical diseases, such as malaria, filariasis, and arboviral diseases. Lysinibacillus sphaericus is a naturally-occurring, aerobic, mesophilic, spore-forming bacterium with terminal swollen sporangia and spherical spores [1, 2] . High-toxicity strains exhibit activity against mosquito larvae as a consequence of the specific toxicity to mosquito larvae of binary toxin (Bin) produced during the sporulation stage and mosquitocidal toxins (Mtxs) produced during the vegetative stage. The mosquitocidal properties are due to the actions of Bin proteins, which form crystal inclusions during sporulation, including BinA (P42, 41.9kDa) and BinB (P51, 51.4kDa). Within the midgut the 51kDa and 42kDa proteins are converted to 42kDa and 39kDa proteins, respectively, resulting in major toxicity to mosquito larvae [3] .
The toxic proteins produced by L. sphaericus and B. thuringiensis are only effective against feeding larvae, and do not either effect mosquito pupa or adults. No measurable health effects were seen in laboratory animals that were exposed to larvicidal concentrations of L. sphaericus by multiple routes of exposure [4] . In addition to the toxicity to target pests, recent studies have provided evidence that some parasporal inclusion proteins of B. thuringiensis kill certain kinds of human cancer cells with different cytocidal specificity, such as HL60, HepG2 [5] , and Hela cells [6, 7] . This raises a question of whether the toxic proteins (Bin toxin) produced by L. sphaericus have any as yet undiscovered biological activity. In the primary study, we analyzed the anti-tumor effect of binary toxins produced by different L. sphaericus strains, including those with high and low toxicity to mosquito larvae and non-toxic strains. The highly toxic L. sphaericus strain IAB872, serotype H48, showed obvious high inhibitory effects on five human tumor cell lines. In the present study, we investigated the possible anti-tumor mechanism of the Bin proteins from L. sphaericus strain IAB872, and compared its characteristics and activities with the anti-tumor parasporal inclusion proteins of B. thuringiensis [6, 7] .
It has been well accepted that the active binary toxin protein initially binds to specific receptors on the cell membrane of susceptible mosquito larval cells, leading to early cell death, with marked cytopathological damage [4] . Except for the typical characteristics of cell apoptosis, in the Bin protein treatment, at the early stage, cell to cell adhesion was loosened, producing smaller cell clusters. Then, round-shaped cells formed huge balloon-like structures. The toxin might damage cytoplasmic membranes, as is the case with the insecticidal toxins. These were very similar to the morphological alterations in the HepG2 liver cancer cells treated with B.thuringiensis strain M019 CP84 toxin [7, 8] . The effect of purified Bin protein from L. sphaericus IAB872 on cell proliferation was evaluated using the MTT assay against 5 human tumor cell lines Hela cells, 7901, A549, 7721 and 7402. The presence of binary toxin caused significant inhibition of proliferation. At 0.5 mg/mL of the binary toxin, the inhibition rate for 7901 was 70.9%, for Hela 78.1%, for A549 78.1%, for 7721 59.5%, and for 7402 56.3% ( Figure 1A) . Compared with the negative control, the inhibitory effects were obvious (p< 0.05). To test whether the cell proliferation inhibition by IAB872 binary toxin was dose-dependent, various concentrations (0.0625-0.5 mg/mL) were added to the culture medium of A549 and Hela cells for 48 h. As shown in Figure 1B , binary toxin induced a distinct dosedependent diminution of cell viability, which suggested that Bin protein suppressed the growth of A549 cells.
We next investigated whether the growth inhibitory effect of binary toxin in A549 was associated with the induction of apoptotic cell death. FITC-conjugated Annexin V and PI (FL2-H) staining (detected by flow cytometry) was used as a criterion to distinguish apoptotic cells. Concentrations of 0.167, 0.25 and 0.375 mg/mL binary toxin were supplied to the cell culture and evaluated by flow cytometry. The ratio of apoptotic or necrotic cells in the whole cells was counted, and the apoptosis of A549 induced by addition of Bin protein was analyzed. All data were analyzed by the FACS Canto Clinical software. Control cells were negative for both Annexin V-FITC and PI (Annexin -/PI -). Annexin V-FITC positive, PI negative cells (Annexin + /PI -) were considered to be in an early apoptotic stage, whereas Annexin V-FITC-positive, PI-positive cells (Annexin + /PI + ) were considered to be late apoptotic or necrotic, and cells positive for PI (Annexin -/PI + ) were considered to be mostly necrotic cells. The rate of apoptosis was calculated as the sum of early apoptotic cells and late apoptotic cells. In A549 cells, apoptotic rates for the different treatments (0.167, 0.25 and 0.375 mg/mL Bin protein) were 28.4%, 58.8% and 62.2%, respectively. There was a significant increase in apoptotic cells compared with the negative control (4.8%) ( Figure 2 ). A wound-healing assay was performed to investigate the effect of Bin protein on the migration of A549 cells; the scratched monolayer was photographed at 0, 12, 24, and 48 h (Figure 3 ). It can be seen clearly that Bin protein was able to inhibit significantly the migration of A549 cells in a dose-dependent manner compared with the control cells, and this effect was consistent across the woundhealing model ( Figure 3A) . To quantify the migration, the scratch width was measured and the invasion rate calculated ( Figure 3B ). In the control cells, the cell invasion was unaffected with an invasion rate of 74%, while for the 0.167, 0.25 and 0.375 mg/mL Bin protein treatments, the cell invasion rates at 48 h were 38%, 19% and 8.9%, respectively. The result suggests that binary toxin exhibits antimigration and anti-invasion effects against A549 cells. Apoptosis is a biological process requiring activation of several signaling cascades [9] . The Bcl-2 family of proteins plays critical roles in the regulation of apoptosis by pro-apoptotic members such as Bax, Beclin-1, and GRP78, and anti-apoptotic molecular Bcl-2 [10] . Bin protein treatment up-regulated Bax, a pro-apoptotic Bcl-2 family member, while down-regulating anti-apoptotic Bcl-2 expression ( Figure 4A ). The bcl-2/Bax ratio was reduced significantly, which made cells more susceptible to apoptosis (from 3.9 for the control to 0.13 for the 0.375 mg/mL Bin treatment, Figure 4B ). This was usually accompanied by the release of cytoplasmic cytochrome-c and activation of caspase-3 [11] . This likely provides a mechanism of the antiproliferative effect of Bin proteins in these cancer cells [12] . Cell cycle progression is accurately regulated by a larger number of molecules, and we conducted an analysis of protein expression of several important regulators involved in G2/M transition. As shown in Figure 4B , we found an increase of CyclinB1 and a decrease of Cdc25c in binary toxin treated A549 cells. This may indicate that in the binary toxintreated cells, expression alterations of these cell cycle regulators led to subsequent G2/M arrest. Traditionally, cell cycle is segregated into four phases: DNA replication occurs during S phase, and chromosome segregation during M phase. The S and M phases are separated by the so-called gap phases, G1 (before DNA replication) and G2 (before mitosis). Cyclin B1, which is over-expressed in varieties of tumors, is required for cells to advance from G2 phase to M phase of cell cycle [13] . Cdc2 plays an important role in entry to mitosis, and the inhibition of Cdc2 activity results in G2/M arrest in various cell lines, Cdc2 interacts with cyclin B1, and activation of the Cdc2/cyclin B1 complex is required for transition from G2 to M phase of the cell cycle [14] . The protein tyrosine phosphatase, Cdc25c, plays the role of a mitotic activator by dephosphorylating Cdc2/p34, which forms Cdc2/cyclin B1 complexes that permit cells to enter into mitosis [11] . Many studies showed that Cdc2/p34 kinase activity was enhanced in some human cancer cells because of their genetic and epigenetic alterations [15] . Therefore, we investigated whether expressions of the molecules involved in G2/M transition in A549 cells were altered after the addition of Bin protein. The results of present study indicated that Cyclin B1 was significantly down-regulated, while Cdc25c was up-regulated when cells were treated with Bin proteins for 48 h (Figure 4C, 4D) . This finding demonstrates for the first time that Bin proteins have an arrest effect on cell cycle progression involving the G2/M phase in A549 cells. It also may explain the anti-proliferative effects of Bin proteins.
For the normal cell, exposure to the Bin protein from L. sphaericus (serotype H5) did not show a cytotoxic effect and did not induce apoptosis [16] . It seems, therefore, that the anti-proliferation and induction of apoptosis of human cancer cells by Bin protein from L. sphaericus IAB872 (H48) was cancer cells specific. Studies to investigate the target molecules of these toxins should evaluate various characteristics of human cancer cells in order to be useful in medical research. 
Experimental

Extraction of binary toxins:
To obtain binary toxin protein, L.sphaericus IAB872 was inoculated into LB medium, sub-cultured into MBS fermentation medium and incubated for 72 h (sporulation stage). The cells were collected until more than 70% spores were released, which was detected under microscope. The collected sporangia were washed with 0.5 M NaCl once and ddH 2 O twice, and lysed by repeated sonication at 100 W for 15 min in an icewater bath. The mixture was centrifuged, 50 mM DTT was added into the 70 mg precipitate per mL ddH 2 O, and incubated at 27°C for 1 h. The supernatant was collected and dialyzed in ddH 2 O for 48 h, and then lyophilized for further use [17] .
Human tumor cells culture: Hela (human cervical cancer cells), 7901 (human gastric cancer SGC-7901), A549 (human lung adenocarcinoma epithelial cell line A549), 7721 (human hepatocellular carcinoma SMMC-7721), and 7402 (human hepatocarcinoma BEL-7402) were cultured in RPMI-1640 supplemented with 10% HyClone fetal bovine serum (FBS) (GIBCO, USA) at 37°C, with 5% CO 2 , and 80% humidity. Cells were seeded in 75 cm 2 culture flasks and harvested in a solution of trypsin-EDTA (Invitrogen, USA) at the logarithmic growth phase.
In vitro proliferative activity against tumor cells:
The antitumor activity of L. sphaericus IAB 872 toxic protein was determined as previously described [7] . Five human tumor cell lines, Hela cell, 7901, A549, 7721, and 7402, were seeded in 96-well plates (2×10 4 cells per well), and incubated overnight. Then 0.5 mg/mL Bin protein was added to the tumor cells for 48 h at 37°C. Thereafter, 20 μL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Fluka) solution (5 mg/mL stock) was added to each well, and incubated for another 4 h. The cell mixture was centrifuged, and the precipitate dissolved in 100 μL DMSO (Merck). Then the plate was gently agitated for 5 min and the absorbance measured at 490 nm using the multiple micro-plate reader (Bio-Tek instruments Inc., Highland Park, USA). The percentage of inhibition was calculated as [(B-A)/A × 100%], where A and B are the absorbance of the control group and treated cells, respectively. PBS was used as negative control. All tests were performed in triplicate. To test whether the inhibition of the cancer cells by Bin protein was dosedependent, 0.0625, 0.125, 0.25, 0.375, and 0.5 mg/mL toxic protein were added to the culture medium of the selected A549 and Hela cells. The inhibition rate was obtained by the method described above.
Analysis of cell apoptosis by Annexin V cell surface binding:
Detection of apoptosis was conducted using the Annexin V-FITC apoptosis kit (Zhuhai Joincare Biosciences Co,. Ltd.). Briefly, incubated with Bin protein for 48 h, the treated and untreated A549 cells were harvested and washed twice with cold PBS. The cell pellets were re-suspending in 500 μL of binding buffer at a concentration of 1-5×10 5 cells/mL. Then, 5 μL Annexin V-FITC and 10 μL propidium iodide (PI) were added to cells suspension. The stained samples were incubated for 15 min in darkness, and analyzed with a BD FACS Canto II flow cytometer (BD Biosciences, US) within 1 h using emission filters of 525 and 575 nm, respectively through the software supplied with instrument [18] .
